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18O2 labeling experiments illuminate the oxidation of ent-kaurene in bacterial 
gibberellin biosynthesis 
Abstract 
Bacteria can produce gibberellin plant hormones. While the bacterial biosynthetic pathway is similar to 
that of plants, the individual enzymes are very distantly related and arose via convergent evolution. The 
cytochromes P450 (CYPs) that catalyze the multi-step oxidation of the alkane precursor ent-kaurene (1) 
to ent-kauren-19-oic acid (5), are called ent-kaurene oxidase (KO), and in plants are from the CYP701 
family, and share less than 19% amino acid sequence identity with those from bacteria, which are from 
the phylogenetically distinct CYP117 family. Here the reaction series catalyzed by CYP117 was examined 
by 18O2 labeling experiments, the results indicate successive hydroxylation of 1 to ent-kauren-19-ol (2) 
and then ent-kauren-19,19-diol (3) and most likely an intervening dehydration to ent-kauren-19-al (4) prior 
to the concluding hydroxylation to 5. Accordingly, the bacterial and plant KOs converged on catalysis of 
the same series of reactions, despite their independent evolutionary origin. 
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to	ent-kauren-19-oic	 acid	 (5),	 are	 called	ent-kaurene	 oxidase	 (KO),	 and	 in	 plants	 are	 from	 the	 CYP701	
family,	and	share	less	than	19%	amino	acid	sequence	identity	with	those	from	bacteria,	which	are	from	
the	phylogenetically	distinct	CYP117	family.	Here	the	reaction	series	catalyzed	by	CYP117	was	examined	
by	 18O2	 labeling	experiments,	 the	 results	 indicate	 successive	hydroxylation	of	1	 to	ent-kauren-19-ol	 (2)	
and	 then	 ent-kauren-19,19-diol	 (3)	 and	most	 likely	 an	 intervening	 dehydration	 to	 ent-kauren-19-al	 (4)	








nodules,8	 while	 the	 others	 are	 plant	 pathogens	 that	 use	 gibberellin	 to	 suppress	 the	 plant	 defense	
	 2	
reaction	during	infection.4,	9	The	gibberellin	biosynthetic	pathway	of	plants,	fungi	and	bacteria	are	highly	
similar	 in	 their	 intermediates,	 but	 seem	 to	 have	 independently	 evolved	 as	 the	 relevant	 enzymes	 are	
either	 from	different	enzymatic	classes	or	belong	to	different	 families	within	the	same	class,	but	share	
very	low	overall	sequence	identity.5		
The	 first	 oxidative	 steps	 in	 gibberellin	 biosynthesis	 is	 carried	 out	 by	 CYPs	 termed	 ent-kaurene	
oxidases	 (KOs),	 as	 these	 produce	 ent-kaur-16-en-19-oic	 acid	 (5)	 from	 ent-kaur-16-ene	 (1),	 via	 the	
intermediates	 ent-kaur-16-en-19-ol	 (2)	 and	 ent-kaur-16-en-19-al	 (4).5	 The	 bacterial	 KOs	 are	 from	 the	
CYP117	 family,	 while	 the	 plant	 KOs	 are	members	 of	 the	 CYP701	 family	 and	 the	 fungal	 KOs	 from	 the	
CYP503	 family.2,	 10,	 11	Despite	all	 falling	within	 the	CYP	 super-family,	 these	CYP	 families	 share	 less	 than	
20%	sequence	identity	and	are	more	similar	to	other	CYP	families	from	the	same	biological	kingdom	than	





electron	 reduction,	 followed	by	 binding	 of	 dioxygen.	 This	 triggers	 another	 one	 electron	 reduction	 and	
formation	 of	 one	water	molecule	 and	 the	 active	 ferryl-oxo	 state	 [Fe(IV)],	 also	 called	 compound	 I.	 The	
activated	oxygen	 is	 then	most	often	 inserted	 into	a	C-H	bond.12,	 13	There	are	however	CYPs	 that	either	
catalyze	more	complex	and/or	sequential	reactions,	such	as	the	ent-kaurene	oxidases.14-17		
CYPs	that	catalyze	the	sequential	oxidation	of	a	methyl	group	to	a	carboxylic	acid	in	theory	can	do	so	
by	 any	 one	 of	 several	 pathways,	 with	 those	 for	 the	 formation	 of	 5	 from	 1	 depicted	 in	 Figure	 1.	 The	
pathway	taken	by	the	KO	from	the	plant	Arabidopsis	thaliana,	CYP701A3,	was	previously	characterized	
by	18O2	labeling	studies,10	while	the	pathway	for	the	fungal	enzyme	has	not	yet	been	investigated	in	this	
manner.	 The	 results	 indicated	 that,	 following	 initial	 hydroxylation	 of	 1	 to	 2,	 CYP701A3	 then	 further	
hydroxylates	2	to	the	di-hydroxy	ent-kaur-16-en-19-diol	(3),	that	undergoes	dehydration	to	form	4,	which	
	 3	












CYP117	 from	 this	 species	 exhibited	 better	 activity	 in	 previous	 recombinant	whole-cell	 feeding	 studies	










methyl	 ester	 derivative	of	5.	Upon	 feeding	 the	 intermediates	2	 and	4	 40-50%	 turnover	was	observed.	






derivative	 [M+;	m/z	 316],	 as	well	 as	 two	 smaller	 fragments	 in	which	 both	 oxygen	 atoms	 are	 retained,	
namely	[M+	-15;	m/z	301]	and	[M+	-43;	m/z	273],	which	represent	the	loss	of	the	methyl	group	at	C-20	
and	loss	of	the	D-ring,	respectively.18	The	next	lower	mass	fragment	[M+	-59;	m/z	257]	is	generated	from	





mixture	of	one	and	 two	 18O	 labels	was	observed	 (in	a	~2.6:1	 ratio),	and	with	4	only	one	 18O	 label	was	
observed	(Table	1	and	Figure	2).		
The	low	turnover	of	1	suggested	that	CYP117,	which	is	a	soluble	enzyme,	may	have	trouble	accessing	
this	 highly	 hydrophobic	 substrate,	 which	 should	 largely	 partition	 into	 the	 hydrophobic	 interior	 of	
membranes,	particularly	when	1	is	exogenously	fed.	Although	some	diffusion	and	even	volatilization	of	1	
has	been	reported,19	 in	 the	context	of	 the	 full	pathway,	 it	seemed	possible	that	CYP117	might	 interact	
with	 the	 upstream	 ent-kaurene	 synthase	 (KS)	 to	 enhance	 its	 access	 to	 1.	 This	 was	 investigated	 via	 a	
metabolic	engineering	approach	in	which	EtCYP117	was	co-expressed	with	a	KS	in	E.	coli,	also	engineered	
to	produce	 the	KS	 substrate	ent-copalyl	diphosphate.	When	using	 the	KS	 from	the	same	origin	 (i.e.,	E.	
tracheiphila,	EtKS),	 the	 relative	amount	of	1	 converted	 to	5	 by	EtCYP117	was	 increased,	 albeit	only	 to	
~10%	 (Figure	3A).	While	greater	 turnover	was	observed,	 this	modest	 increase	was	hypothesized	 to	be	










While	 recombinantly	expressed	EtCYP117	did	not	appear	 to	be	 stably	 folded	 in	 cell-free	assays,	 it	was	
possible	 to	 probe	 the	 series	 of	 reactions	 catalyzed	 by	 this	multifunctional	 bacterial	 KO	 via	 whole-cell	
feeding	studies	carried	out	under	an	18O2	atmosphere.	Given	the	evident	initial	insertion	of	oxygen	into	
the	olefinic	 substrate	1	 to	produce	 the	alcohol	2,	 it	 is	 the	subsequently	catalyzed	 reactions	 that	are	 in	
question.	Notably,	 the	 lack	of	detectable	 intermediates	 indicates	 that	 these	are	not	 released	 from	 the	
active	site	of	CYP117	during	the	course	of	the	overall	transformation	of	1	to	5.	Moreover,	the	production	
of	doubly-labeled	5	 from	1	demonstrates	the	use	of	at	 least	two	hydroxylation	reactions,	and	rules	out	





labeling	 by	 18O	 is	 in	 better	 agreement	 with	 the	 expected	 100%	 incorporation	 resulting	 from	 direct	
hydroxylation	of	the	aldehyde	(Supplemental	Figure	S2	and	Supplemental	Table	S4).	Consistent	with	the	










result	 in	 a	 2:1	 ratio,	 which	 is	 closer	 to	 the	 observed	 ratio	 of	 2.6:1.	 However,	 the	 lack	 of	 complete	
selectivity	argues	against	6	à	5,	as	this	would	require	essentially	complete	retention	of	the	last	oxygen	
to	be	inserted	(as	noted	above),	along	with	preferential,	but	not	completely	selective	loss	of	one	of	the	
two	other	hydroxyl	 groups,	which	 seems	difficult	 to	envision.	 In	particular,	 if	 the	most	 recently	 added	
hydroxyl	 in	6	 is	 fixed	 in	 the	active	 site	 to	prevent	 its	 loss,	 it	 seems	most	 likely	 that	 the	hydroxyl	 to	be	
removed	also	would	be	 specified	by	 this	 strict	 binding	mode.	 It	 seems	more	plausible	 that,	 consistent	
with	the	observed	ratio,	the	hydroxyl	formed	in	conversion	of	2	to	3	is	preferentially	removed,	with	such	
dehydration	 enabling	 correct	 orientation	 of	 the	 resulting	 4	 for	 subsequent	 hydroxylation	 to	 form	 5.	
Indeed,	a	plant	KO	has	been	shown	to	stereoselectively	remove	the	pro-R	hydrogen	in	conversion	of	2	to	





single	 insertion	 of	 oxygen	 and	 might	 help	 explain	 the	 prevalence	 of	 singly-labeled	 5.	 However,	
particularly	 given	 the	 requisite	 and	 demonstrated	 use	 of	 hydroxylation	 in	 the	 first	 and	 last	
transformations	 (i.e.,	 1	à	 2	 and	 4	à	 5),	 along	 with	 the	 known	 propensity	 of	 CYPs	 to	 catalyze	 such	
insertion	of	oxygen,12	it	seems	somewhat	unlikely	that	this	mechanistically	distinct	reaction	is	catalyzed	
to	 any	 significant	 extent	 by	 EtCYP117.	 Regardless,	 the	 observed	 incorporation	 of	 two	 oxygens	 in	 the	
	 7	
conversion	 of	 2	 to	 5	 demonstrates	 that	 the	 overall	 transformation	 of	 1	 to	 5	 can	 proceed	 via	 three	
hydroxylation	reactions.		
Overall,	 although	 alternative	 reaction	 series	 cannot	 be	 completely	 excluded,	 the	 results	 reported	
here	suggest	that	the	overall	series	of	transformations	catalyzed	by	EtCYP117	most	likely	is	1	à	2	à	3	à	
4	à	5.	This	implies	that	CYP117	catalyzes	three	hydroxylation	reactions	with	an	intervening	dehydration	
of	3	 to	4.	Accordingly,	both	 the	plant	and	bacterial	KOs	seem	to	catalyze	 the	same	series	of	 reactions,	
although	CYP117	appears	to	be	stereoselective	 in	the	dehydration	step,	which	contrasts	with	the	plant	






The	 codon	optimized	 version	 of	EtCYP117	was	 a	 gift	 from	Manus	 Biosynthesis	 and	was	 PCR	 amplified	
using	Q5	 HotStart	 High-Fidelity	 DNA	 polymerase	 (NEB)	 and	 cloned	 into	 the	 Invitrogen	 pET	 expression	
system	vectors	pET100	and	pET101	(Thermo-Fisher	Scientific),	for	expression	with	either	N-	or	C-terminal	
His-Tags	encoded	by	each	vector,	 respectively.	Alternatively,	 a	6xHis-Tag	was	 inserted	before	 the	 stop	
codon	by	PCR,	and	this	construct	cloned	into	pET101.	The	primer	sequences	are	given	in	Supplementary	
Table	1.	This	latter	PCR	product	was	cloned	into	pENTR/SD/D-TOPO	(Thermo-Fisher	Scientific).	The	gene	
was	 then	 PCR	 amplified	 with	 Q5	 HotStart	 High-Fidelity	 DNA	 polymerase	 (NEB)	 and	M13	 primers,	 gel	
purified	 and	used	 for	 a	Gateway	 reaction	with	 the	Gateway	 LR	Clonase	 II	 Enzyme	Mix	 (Thermo-Fisher	
Scientific)	 and	 pCOLADuet-1/DEST,	 which	 was	 generated	 by	 restriction	 digestion	 of	 pCOLADuet-1	
(Novagen)	 with	 NcoI	 and	 NotI,	 the	 restriction	 sites	 blunt-ended	 with	 T4	 DNA	 Polymerase	 (NEB),	 and	







18°C	 and	 200	 rpm.	 5	 ml	 of	 the	 starter	 culture	 was	 transferred	 to	 100	 ml	 fresh	 NZY	 with	 50	 µg/mL	
carbenicillin,	 the	 culture	was	 induced	at	OD	0.8-0.9	with	1	mM	 IPTG,	and	assist	CYP	expression	1	mM	

















and	 then	 sealed	with	 a	 crimped	 rubber	 septum.	 18O2	 (97%	 labeled,	 Sigma-Aldrich,	 pressurized	 to	 less	
than	2.4	bar)	was	 introduced	 into	 the	vial	 from	the	compressed	gas	cylinder	via	a	 syringe	needle	until	
	 9	
pressure	between	 the	 tank	and	 the	 vial	 equalized.	 Then	 the	 resuspended	cells	were	added	 to	 the	 vial	
using	a	syringe.	 In	 the	case	of	assays	with	2	or	4,	200	µL	were	added,	while	 for	assays	with	1	 this	was	







































































[M+	-	C3H7]	 273	 6	±	2	 7	±	2	 12	±	3	
	
			+2	 6	±	2	 68	±	4	 86	±	4	
	
			+4	 88	±	3	 25	±	3	 2	±	1	
[M+	-	CH3]	 301	 5	±	2	 5	±	2	 11	±	2	
	
			+2	 7	±	2	 70	±	4	 87	±	4	
	
			+4	 88	±	3	 26	±	3	 2	±	1	
[M+]	 316	 4	±	2	 8	±	2	 10	±	2	
	
			+2	 5	±	2	 66	±	4	 88	±	4	
	


















































[M+]	 (1)	→	 (2)	→	 (3)	→	 (6)	→	 (5)	
+0	 100	 0	 0	 0	 0	
+2	 0	 100	 0	 0	 0	
+4	 0	 0	 100	 0	 100	
+6	 0	 0	 0	 100	 0	
	 (1)	→	 (2)	→	 (3)	→	 (4)	→	 (5)	
+0	 100	 0	 0	 0	 0	
+2	 0	 100	 0	 100	 0	
+4	 0	 0	 100	 0	 100	
+6	 0	 0	 0	 0	 0	
	 (1)	→	 (2)	→	 (4)	→	 (3)	→	 (5)	
+0	 100	 0	 0	 0	 0	
+2	 0	 100	 100	 100	 100	
+4	 0	 0	 0	 0	 0	
+6	 0	 0	 0	 0	 0	
	 (1)	→	 (2)	→	 (4)	→	 (5)	 	
+0	 100	 0	 0	 0	 	
+2	 0	 100	 100	 0	 	
+4	 0	 0	 0	 100	 	
+6	 0	 0	 0	 0	 	
	 (1)	→	 (2)	→	 (3)	→	 (5)	 		
+0	 100	 0	 0	 0	 	
+2	 0	 100	 0	 0	 	
+4	 0	 0	 100	 100	 	





[M+]	 (2)	→	 (3)	→	 (6)	→	 (5)	
+0	 100	 0	 0	 0	
+2	 0	 100	 0	 66	
+4	 0	 0	 100	 33	
	 (2)	→	 (3)	→	 (4)	→	 (5)	
+0	 100	 0	 50	 0	
+2	 0	 100	 50	 50	
+4	 0	 0	 0	 50	
	 (2)	→	 (4)	→	 (5)	 	
+0	 100	 100	 0	 	
+2	 0	 0	 100	 	
+4	 0	 0	 0	 	
	 (2)	→	 (3)	→	 (5)	 	
+0	 100	 0	 0	 	
+2	 0	 100	 100	 	




[M+]	 (4)	→	 (5)	 	 	
+0	 100	 0	 	 	
+2	 0	 100	 	 	
+4	 0	 0	 	 	
	 (4)	→	 (3)	→	 (5)	 	
+0	 100	 100	 100	 	
+2	 0	 0	 0	 	
+4	 0	 0	 0	 		
	 (4)	→	 (3)	→	 (6)	→	 (5)	
+0	 100	 100	 0	 33	
+2	 0	 0	 100	 66	
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